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The application of truck axle load spectra in the Mechanistic Empirical Pavement Design Guide (MEPDG) has brought great
advancement in pavement design through quantifying pavement accumulated damage due to individual axle loads. However, how to
relate the truck axle load volume and spectra directly to pavement performance remains a practical challenge for pavement engineers.
This paper presents a systematic index approach to this issue that characterizes three aspects of traﬃc loading to pavement performance:
volume, load, and damage. Four summary indices were investigated in this study: cumulative truck volume (CTV), cumulative truck load
(CTL), equivalent single axle load (ESAL), and relative pavement performance impact (RPPI). The involved concepts and calculation
procedures were ﬁrst introduced, followed by a numerical evaluation analysis of 30 axle load spectra, 18 vehicle class distributions, 2
truck conﬁgurations, and 2 pavement types. To demonstrate how these summary indices could be used, a case study was presented. Over-
all results suggested that the systematic indices introduced in this study had a clear relationship with pavement performance, so it could
be used to assist engineers in many ways such as comparing diﬀerent load spectra, communicating between engineers, and understanding
the relationship between traﬃc and pavement performance for a speciﬁc design at any point in time.
Production and hosting by Elsevier B.V. on behalf of Chinese Society of Pavement Engineering. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The Mechanistic Empirical Pavement Design Guide
(MEPDG) and its accompanying software use load spectra
to characterize traﬃc loading. Load spectra contain the
distribution of loading for diﬀerent vehicle classes (class 4
to class 13) and diﬀerent axle types (single, tandem, tridem
and quad). With these detailed loading data, the design
process can quantify the cumulated damage from any
speciﬁc type of loading that an aggregated traﬃc indexhttp://dx.doi.org/10.1016/j.ijprt.2016.07.005
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Peer review under responsibility of Chinese Society of Pavement
Engineering.(e.g. equivalent single axle load, ESAL) was not capable
of [1]. However, using load spectra raises some practical
challenges for pavement engineers. First, how to compare
diﬀerent load spectra? For example, while many states
are preparing detailed load spectra data for the implemen-
tation of MEPDG, most of the time engineers have to use
ESAL to assess the diﬀerence between the local load spec-
tra and the national default load spectra (e.g. a load spectra
is lighter than the national default because it only produces
50% ESAL of the national load spectra). Practically, a
summary index or indices are necessary to provide a snap-
shot for engineers to understand the load spectra and com-
municate with other engineers. Second, how to relate
cumulative traﬃc loading to pavement performance in a
concise manner? For instance, for a pavement structureety of Pavement Engineering.
ommons.org/licenses/by-nc-nd/4.0/).
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ﬁc loading expressed by load spectra at year 5, 10, or 15?
For the AASHTO 1993 Design Guide, this can be accom-
plished by correlating the performance with traﬃc loading
expressed in ESALs that the pavement has carried, but
there is no such a convenient way to do so using load
spectra.
Currently the ME Design software provides two sum-
mary indices for traﬃc: cumulative heavy trucks and the
estimated ESAL. Cumulative heavy trucks is the total vol-
ume of all truck classes that a pavement would carry in its
design life. The accumulated volume does not consider
truck loading (e.g. empty or fully loaded), nor monthly
and hourly distribution. ESAL is the cumulative number
of applications of the chosen standard single-axle load that
will have an equivalent eﬀect on pavement serviceability as
all applications of various axle loads and types in a mixed-
traﬃc stream. ESAL is determined by summing the calcu-
lated load equivalency factors (LEF) for each individual
axle according to axle load and type on all vehicles in the
traﬃc stream for a deﬁned pavement structure [2]. The cur-
rent MEPDG software calculates ESAL using two sets of
LEF, one for ﬂexible pavements and one for rigid pave-
ments. Since LEF was developed using data from the
AASHO Road Test in 1960s, ESAL only provides an
approximate evaluation of the amount of traﬃc loading.
Haider and Harichandran [3] correlated the characteris-
tics of a mixture bimodal axle load distribution with rigid
pavement performance. The study found that cracking
was related to the 85th percentile load, faulting was
strongly related to the overall mean, and roughness (IRI)
was strongly associated with the root of the 4th moment
of the axle load spectra. Although these characteristics
can directly indicate the relative pavement damage caused
by axle distributions, they are not cumulative indices (in
comparison to the well-known cumulative concept of
design ESALs). The complexity to build mathematic mod-
els and calculate these indices may also hinder its
implementation.
Therefore, there is a need to develop an approach that is
convenient (easy to use), meaningful (represents the overall
traﬃc load), and innovative (overcomes the deﬁciencies of
ESAL) to relate cumulative traﬃc loading to pavement
performance.
Some eﬀorts were made to improve ESAL by updating
LEF. Ioannides et al. [4] developed a mechanistic-
empirical approach to derive LEF applicable to wheel
assemblies and pavement cross-sections not included in
the AASHTO guide tables. Divinksky et al. [5] developed
new LEFs based on the extended California Bearing Ratio
method because the AASHTO LEFs in the Israeli design
method led to an under design of approximately 10 percent
in pavement thickness and a reduction of 70 percent in
design life. Recently, Selezneva and Hallenbeck [6] deter-
mined a set ofW-factors through MEPDG analysis during
developing the new MEPDG axle loading defaults from the
Long Term Pavement Performance (LTPP) traﬃc data.Although improvements were made through these studies,
they all relied on the fundamental concept of load equiva-
lency and linear damage accumulation. This paper presents
a research work that studied this issue from a diﬀerent per-
spective and explored four potential traﬃc indices that can
be used as a system to correlate cumulative traﬃc loading
with pavement performance.
2. Objectives
The objective of this study was to explore approaches
that can (1) provide a meaningful and concise snapshot
of the load spectra, and (2) relate cumulative traﬃc loading
to pavement performance, in order to (1) assist design engi-
neers in comprehending a load spectrum, and (2) support
maintenance engineers in understanding why a pavement
performs as it does from the perspective of traﬃc loading.
Such an approach could be using a single index, several
indices, or any other innovative methods. For this purpose,
four summary indices representing the three aspects of traf-
ﬁc (volume, load, and damage) were investigated: cumula-
tive truck volume (CTV), cumulative truck load (CTL),
ESAL, and relative pavement performance impact (RPPI).
Deﬁnition and calculation algorithms of the four indices
are ﬁrst explained, followed by research methodology and
data source. Results analysis and ﬁndings are discussed in
detail. Finally, a case study is included to demonstrate
the application of the proposed approach.
3. Traﬃc summary indices
Traﬃc can be characterized from three perspectives,
namely, volume, load, and damage to infrastructure. Traf-
ﬁc volume is the primary focus for traﬃc engineers who
need to know how many vehicles and what type of vehicles
travel on a road at what time. Traﬃc load is of interest for
trucking industry and government load enforcement.
Logistics engineers are always striving for the best arrange-
ment to deliver the most tonnage with the lowest cost.
Besides of traﬃc volume and load, civil engineers care more
about the damage to infrastructure (bridges and pave-
ments), because it is the accumulated damage that deterio-
rates a bridge or a pavement.
In this study, four summary indices were chosen as can-
didates to represent a traﬃc stream. The deﬁnition and
algorithm for each index are described in the following
sections.
3.1. Cumulative truck volume (CTV)
The volume of traﬃc is no doubt the ﬁrst and the fore-
most widely used index to capture the condition of a traﬃc
stream. For example, annual average daily traﬃc (AADT)
indicates how busy a road is. Interstates and primary
routes usually carry more AADT than secondary and local
roads. City roads often have a larger AADT than rural
roads. If AADT is multiplied by the percentage of trucks,
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many trucks use a road. AADTT could further be accumu-
lated monthly or yearly by a growth rate in the whole
design life to estimate the total volume of trucks that a
pavement would endure. Mathematically, CTV is calcu-
lated by Eqs. (1) and (2) [1]:
TV 0;k;j;i ¼ ðAADTT 0ÞðDDF ÞðLDF ÞðMDF k;jÞðHDF iÞðNjÞ ð1Þ
CTV ¼
X13
k¼4
X12
j¼1
X24
i¼1
ðTV 0;k;j;iÞðVCDkÞð1þ GrwothkÞðLifeÞ ð2Þ
where
TV0,k,j,i = initial truck volume for vehicle class k of
month j and hour i.
AADTT0 = initial two-way daily truck traﬃc.
DDF = directional distribution factor.
LDF = lane distribution factor.
MDFk,j = monthly distribution factor for vehicle class k
of month j.
HDFi = hourly distribution factor for hour i.
Nj = number of days for month j.
CTV = cumulative truck volume.
VCDk = vehicle class distribution of vehicle class k.
Growthk = growth rate of vehicle class k (compound
growth was assumed in this study).
Life = design life, in month or year and be consistent
with the unit of growth rate.
One may note that axle type, vehicle load and vehicle
conﬁguration (axles per truck) are not included in the calcu-
lation. In other words, CTV does not show any diﬀerence
between a fully loaded truck and an empty truck. It is all
about the quantity of vehicle counts. Moreover, CTV does
not consider the damage that a vehicle may induce on a
pavement structure with diﬀerent materials. That is, a ﬂex-
ible pavement and a rigid pavement would have exactly the
same CTV if the traﬃc stream was the same.3.2. Cumulative truck load (CTL)
This study proposes a new index, named cumulative
truck load, to capture the loading information of a traﬃc
stream. CTL contains all factors considered by CTV and
two more factors with regard to traﬃc loading:
 Normalized axle load spectra (NALS): the distribution
of vehicle load by discrete load bins and the total per-
centage of axles that fall into each load bin.
 Axles per truck (APT): the conﬁguration of each class of
trucks. For example, on average, a class 9 truck is com-
posed of 1.13 single axle and 1.93 tandem axles [7].
Mathematically the calculation of CTL is given by
TruckLoadk ¼
X4
b¼1
X41
a¼1
ðAPT k;bÞðNALSk;b;aÞ ð3ÞAvgTruckLoad ¼
X13
k¼4
ðVCDkÞðTruckLoadkÞ ð4Þ
CTL ¼ ðCTV ÞðAvgTruckLoadÞ ð5Þ
where
TruckLoadk = truck load for vehicle class k, in metric
ton.
APTk,b = axles per truck for vehicle class k and axle type
b (single, tandem, tridem and quad).
NALSk,b,a = normalized load spectra for vehicle class k,
axle type b, and load bin a.
AvgTruckLoad = average truck load for all vehicle
classes, in metric ton.
CTL = cumulative truck load, in metric ton.
Conceptually, CTL can be understood as CTV multi-
plied by a factor that represents the average truck load of
the traﬃc stream (Eq. (5)). However, this method is not
suggested for calculation due to the fact that traﬃc volume
and truck load between vehicle classes may be dramatically
diﬀerent. For example, a traﬃc stream may be composed of
20% Class 5 vehicles and 50% Class 9 vehicles, while the
average truck load for Class 5 and 9 may be quite diﬀerent
– 6.80 and 36.29 ton, respectively.
3.3. Equivalent single axle loads (ESAL)
ESAL is the cumulative number of applications of the
chosen standard single-axle load that will have an equiva-
lent eﬀect on pavement serviceability as all applications
of various axle loads and types of vehicles in a mixed-
traﬃc stream. ESAL is determined by summing the calcu-
lated load equivalency factors for each individual axle
according to axle load and type on all vehicles in the traﬃc
stream for the deﬁned pavement structure [2]. The proce-
dure can by expressed mathematically as Eqs. (6)–(8) [8]:
TruckFactork ¼
X4
b¼1
X41
a¼1
ðAPT k;bÞðNALSk;b;aÞðLEF b;aÞ ð6Þ
AvgTruckFactor ¼
X13
k¼4
ðVCDkÞðTruckFactorkÞ ð7Þ
ESAL ¼ ðCTV ÞðAvgTruckFactorÞ ð8Þ
where
TruckFactork = truck factor for vehicle class k.
LEFb,a = load equivalency factor for axle type b and
load bin a. Note that ﬂexible pavements and rigid pave-
ments have diﬀerent sets of LEFb,a.
AvgTruckFactor = average truck factor for all vehicle
classes.
Comparing Eqs. (3)–(8), it is found that the only diﬀer-
ence between CTL and ESAL is whether LEF is consid-
ered. LEFs were derived from statistical analysis of data
taken during the ASSHO Road Test. For use in the
AASHTO Design Guides [9], a 8.17-ton single axle was
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LEF for ﬂexible and rigid pavements. LEF depends on
pavement type, structure capacity (structure number for
ﬂexible pavements and slab thickness for rigid pavements),
and the terminal condition that is chosen to deﬁne failure
of the pavement structure (terminal serviceability, pt).
There are 18 tables provided in the AASHTO 1993 Guide
to cover diﬀerent scenarios.
The equivalency concept can be determined upon other
criteria such as the tensile strain at the bottom of asphalt
layer (fatigue cracking for ﬂexible pavements) and the ver-
tical compressive strain on top of the subgrade (permanent
deformation). Through theoretical analysis, Huang [8] con-
cluded that the equivalency factor is valid only under the
given conditions and is no longer applicable if any of the
conditions are changed. Establishing LEFs based on
empirical methods is very diﬃcult if not impossible.3.4. Relative pavement performance impact (RPPI)
During the development of new MEPDG traﬃc loading
defaults from LTPP traﬃc pooled fund study, a new statis-
tic named relative pavement performance impact factor
(RPPIF) was introduced to identify normalized axle load
spectra within each vehicle class and axle type that are
likely to produce signiﬁcantly diﬀerent MEPDG outcomes
[6]. RPPIF considers both the pavement damage potential
of diﬀerent axle loads and the frequency of the application
of those loads to compute a single statistic associated with
each load spectrum. The calculation of RPPI is similar to
ESAL [6]:
RPPIF k ¼
X4
b¼1
X41
a¼1
ðAPT k;bÞðNALSk;b;aÞðW b;aÞ ð9Þ
AvgRPPIF ¼
X13
k¼4
ðVCDkÞðRPPIF kÞ ð10Þ
RPPI ¼ ðCTV ÞðAvgRPPIF Þ ð11Þ
where
RPPIFk = relative pavement performance impact factor
of vehicle class k.
Wb,a = pavement performance impact factor for axle
type b and load bin a.
AvgRPPIF = average relative pavement performance
impact factor of all vehicle classes.
As shown in Eqs. (6)–(11), both ESAL and RPPI can be
understood as applying a weight factor on the axle load
spectra to convert load to damage. The diﬀerence is
between the load equivalency factor LEFb,a and the relative
pavement performance impact factorWb,a. LEF was devel-
oped using data from the AASHO Road Test while RPPIF
was determined through MEPDG analysis [6]. It should
also be mentioned that a total of 18 tables of LEF were
developed to cover diﬀerent pavement structures for bothﬂexible and rigid pavements, while only one set of RPPIF
was determined for all types of pavements.
4. Methodology
This study focused on vehicle class distribution, axle
load spectra, and axles per truck. Two real projects in
Louisiana (one ﬂexible and one rigid) were selected as the
base case. A mix of level 2 and level 3 defaults were used
as materials and traﬃc input as described in Wu and Yang
[10].
Experiments in this study covered 18 sets of vehicle class
distribution, 30 axle load spectra, 2 truck conﬁgurations
(axles per truck), and 2 pavement types. In total 266 cases
were analysed. The 18 vehicle class distributions is com-
prised of 17 default truck traﬃc classiﬁcations (TTC) con-
tained in the ME Design software [1] and one site-speciﬁc
dataset. The 30 axle load spectra included 26 LTPP Special
Pavement Studies (SPS) sites, the software default load
spectra, Tier 1 global default and Tier 2 typical default rec-
ommended by Selezneva and Hallenbeck [6], as well as the
Louisiana spectra developed from portable Weight-In-
Motion (WIM) stations [11]. The two cases of axles per
truck were MEPDG default [7] and the new national
default developed using LTPP SPS data [6].
This study was completed in three steps. First, each
combination case was prepared and modelled in the
MEPDG software (Pavement METM version 1.3). Then a
programme was written in Matlab (version R2014a) to cal-
culate the aforementioned summary indices for each case,
followed by checking the accuracy and reasonableness of
the Matlab programme to assure data produced in this
study were correct and reliable. Finally data from Pave-
ment ME and Matlab were assembled and analysed using
appropriate descriptive, graphical and statistical tools.
Major results are presented in the following sections.
5. Results analysis
5.1. Validation of Matlab calculations
All calculations from Eqs. (1)–(11) were completed using
Matlab software. Before any further analysis, data from
Matlab had to be compared with data from Pavement
ME to assure the software code functions as intended.
The two summary indices (CTV and ESAL) reported by
Pavement ME were compared with the results from Mat-
lab. To assure the algorithms in this research were correct,
the apparent criterion was that CTV and ESAL from this
study had to match well with the values calculated in Pave-
ment ME. Fig. 1 shows the comparison of ESAL for both
ﬂexible pavements and rigid pavements.
It was veriﬁed that ESAL calculated from the Matlab
code were almost the same as those from Pavement ME.
The linear regression presented a R2 close to 1.0 and a slope
close to 1.0. The slight diﬀerence must be attributed to
LEF. This study obtained LEF from Table D1 through
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Fig. 1. Comparison of ESAL calculations (a) ﬂexible pavements, (b) rigid pavements.
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ment ME might have used original equations to calculate
LEF [2]. The truncation of numbers in the table might have
led to the accumulated diﬀerence. Nevertheless, the diﬀer-
ence was negligibly small comparing to the large magnitude
of ESALs. Additionally, it was found that ESALs, calcu-
lated from the same traﬃc data, for rigid pavements and
ﬂexible pavements were about 1.5:1. This agreed with engi-
neering experience [12], which further proved that the algo-
rithm and data calculated in this study were correct.
Cumulative truck volume was also compared. Because
CTV is independent of the variables investigated in this
study (i.e., vehicle class distribution, axle load spectra,
and axles per truck), the CTV was exactly 15,213,100 from
both Pavement ME and Matlab for all 266 cases.
In summary, it was conﬁrmed that algorithms coded in
Matlab for this research could produce essentially identical
results as the Pavement ME software calculates. Hence,
data from this study were reliable for further analyses.
5.2. Intermediate summary indices
As stated previously, traﬃc can be characterized on
three aspects: volume, load, and damage or impact on
pavements. Load spectra store information about the vol-
ume and load by vehicle classes (from 4 to 13) and axle
types (single, tandem, tridem and quad). By a careful
review of Eqs. (1)–(11), it was found that an intermediate
index could be deﬁned for each algorithm. These interme-
diate indices carry valuable information about a traﬃc
stream and may be good candidates for comparison pur-
pose. Using two projects 4-0100 and 35-0100 from the
LTPP SPS traﬃc database as an example (Fig. 2), these
indices are:
 Truck volume: the percentage of each class of vehicle in
terms of traﬃc volume. This is a required input (vehicle
class distribution) for MEPDG and usually is estimated
from WIM or automatic vehicle classiﬁcation stations.
Generally, vehicle class 9 and class 5 have the most
quantity in a traﬃc stream. For the selected example,the two projects have the same vehicle class distribution,
dominated by class 9 trucks (51%). Some states further
combine the ten vehicle classes to three groups, namely
single-unit trucks (class 4–7), single-trailer (class 8, 9
and 10), and multi-trailer (class 11, 12 and 13).
 Truck load: the average loading of each vehicle class.
This is calculated using Eq. (3). As shown in Fig. 2(b),
vehicle classes 9 through 13 are the primary load carriers
in terms of truck load. Class 5, although the second
most in terms of volume, carries the least amount of
load. For project 4-0100 (Arizona), class 9 carries about
31.75 ton and class 13 has a load of 45.36 ton; for pro-
ject 35-0100 (New Mexico), the average truck load for
class 9 and class 13 is 23.59 and 43.09 ton, respectively.
 Truck factor: the average load equivalency of a vehicle
in comparison with the standard 8.16-ton single axle.
Mathematically it is calculated using Eq. (6). In fact,
truck factor has been used for years along with ESAL.
However, it should be noted that Pavement ME soft-
ware uses only two sets of LEF, one for ﬂexible pave-
ments and one for rigid pavements. Changing
pavement thickness does not change the estimated
ESAL if the traﬃc data were kept unchanged. Similarly,
this study assumed that the LEF was corresponding to a
structural number of 5.0 for ﬂexible pavements, a slab
thickness of 229 mm for rigid pavements and terminal
serviceability of 2.5. Regarding the selected example
and assuming both sites are ﬂexible pavements, Fig. 2
(c) shows that the most signiﬁcant vehicle in terms of
truck factor is class 13. A pass of class 13 on project
4-0100 could cause 5.2 times more damage than a stan-
dard single axle does. In addition, truck factors for pro-
ject 4-0100 are almost twice those of project 35-0100.
Further comparison of load spectra for the two projects
reveals that both single axle and tandem axle of 4-0100
are skewed to the right side comparing to the spectra of
35-0100. In other words, project 4-0100 has more heavy
loaded trucks.
 Truck impact: the average relative pavement perfor-
mance impact factor of a vehicle. Eq. (9) is the algorithm
to calculate truck impact. It is very similar to truck
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Fig. 2. Intermediate summary indices.
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and Hallenbeck [6] instead of LEF from the AASHTO
1993 Design. Comparing Fig. 2(c) and (d) one will ﬁnd
that the trend for truck impact is almost the same as it
for truck factor, except that the magnitude is about ¾
of truck factor. This is not a surprise considering the fact
that the concept and algorithm of truck factor and truck
impact are similar to each other. The only diﬀerence is
how the load equivalency factor was determined (one
is based on AASHO Road Test and the other is based
on MEPDG simulations).
Information in Fig. 2 can be further aggregated as a sin-
gle number by multiplying class-speciﬁc data (truck load,
truck factor and truck impact) with the vehicle class distri-
bution. This generates an index that represents all trucks.
Table 1 lists these indices and the cumulative values in
the whole design life. Table 1 could be good candidates
for the purpose of comparing traﬃc streams. For instance,
Table 1 indicates that project 4-0100 has a heavier average
truck load, a larger truck factor and a larger truck impact
than project 35-0100 has. Consequently, project 4-0100
carries more cumulative truck load, ESAL and RPPI,
which in turn, induce more rutting on the pavement.5.3. Flexible pavements
Fig. 3 shows the relationship between predicted asphalt
concrete (AC) rutting and traﬃc indices. Diﬀerent regres-
sion curves, including exponential, linear, logarithmic,
power and second order polynomial, were ﬁtted to the data
and the one with the highest R2 is presented in Fig. 3. It is
worth emphasizing that only vehicle class distribution, axle
load spectra, and axles per truck were changed in this
study; all other factors such as materials, climate, AADTT
and growth rate were kept constant.
The ﬁrst ﬁnding is that CTV is not able to predict the
diﬀerence in pavement performance. All projects in this
study have a truck volume of 15.21 million, but the pre-
dicted rutting ranges from 2 to 12 mm. This is expected
because CTV, by deﬁnition, is an index of traﬃc volume.
Pavement performance is however tied with both traﬃc
volume and loading.
Fig. 3(b) shows that CTL and rutting have a good rela-
tionship. It is reasonable that the more load a pavement
carries, the more rutting it could have. The same trend is
observed for both ESAL and RPPI. Variations exist for
every index. If judged by the coeﬃcient of determination
R2, CTL has the smallest variation and ESAL has the
Table 1
Summary indices for project 4-0100 and 35-0100.
Project Volume Load Damage Total rutting (mm)
CTV (106) Avg. truck
load (ton)
CTL (106 ton) Avg. truck
factor
ESAL-F (106) Avg. truck
impact
RPPI (106)
4-0100 15.21 22.94 352.21 1.43 21.54 1.18 18.12 19.05
35-0100 15.21 18.52 284.36 0.65 9.70 0.57 8.78 14.22
Ratio (comparing to 35-0100)
4-0100 1.00 1.24 1.24 2.20 2.22 2.07 2.06 1.34
35-0100 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
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Fig. 3. AC rutting of ﬂexible pavements versus traﬃc indices.
308 D.X. Xiao, Z. Wu / International Journal of Pavement Research and Technology 9 (2016) 302–312largest variation. In addition, to achieve the largest R2, AC
rutting and CTL is a linear relationship while it is logarith-
mic for ESAL and RPPI.
Graphs similar to Fig. 3 are available for total rutting,
longitudinal cracking and IRI but not presented here due
to page limit. In general, good correlations were observed
between predicted distresses and traﬃc indices except
CTV. As a summary, Table 2 shows the R2 of regression
curves ﬁtted to the data. A larger R2 close to 1.0 indicates
a good relationship between a distress and a summary
index, and vice versa. It is found from Table 2 that (1)
on average the R2 between distresses and indices is 0.84;
CTL has the largest R2 for AC rutting; ESAL has the lar-
gest R2 for longitudinal cracking; and RPPI has the largest
R2 for total rutting and IRI.In summary, clear relationships were observed between
pavement performance and summary indices. Volume
alone is not suﬃcient to predict pavement performance.
Load provides a good relationship with performance and
may serve as an eﬀective indicator of the overall traﬃc
information. Indices such as ESAL and RPPI, which
already consider the damage potential of a load, have a
better relationship with MEPDG-predicted distresses.5.4. Rigid pavements
Fig. 4 presents the relationship between cracked slabs
and traﬃc summary indices. Very similar to ﬂexible pave-
ments, CTV does not capture the change of traﬃc param-
eters in this study. The cracked slab ranges from 10% to
Table 2
R-squares between pavement distress and traﬃc summary indices.
Pavement type Distress CTV CTL ESAL RPPI
Flexible pavement AC rutting n/a 0.9246 0.8723 0.9041
Total rutting n/a 0.8038 0.9543 0.9721
Longitudinal cracking n/a 0.4651 0.7562 0.6997
IRI n/a 0.7812 0.9524 0.9706
Rigid pavement Cracked slabs n/a 0.6985 0.7791 0.8527
Joint faulting n/a 0.9352 0.6558 0.7638
IRI n/a 0.8594 0.7457 0.8444
(a) (b)
(c)                                                               (d)
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Fig. 4. Cracked slabs of rigid pavements versus traﬃc indices.
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million.
The increasing trend between traﬃc indices and cracked
slabs is obvious—the more traﬃc load, the more distress. In
terms of the regression curve, ESAL and RPPI seem to fol-
low a linear relationship but CTL obtained the largest R2
with an exponential curve. In fact, this is reasonable consid-
ering that traﬃc loading is widely believed to have an expo-
nential inﬂuence on pavement damage. The linear
relationship of ESAL and RPPI must be contributed to
the fact that ESAL and RPPI have already considered the
exponential relationship between load and damage through
load equivalency factors and W-factors, respectively.
Similar graphs for joint faulting and IRI were analysed
and similar results were found. Table 2 presents the R2between predicted distresses and traﬃc summary indices.
Overall, summary indices have a good relationship
(R2 = 0.80 on average) with pavement distresses. In other
words, CTL, ESAL and RPPI can capture the change of
load spectrum, vehicle class distribution and truck conﬁgu-
ration. Comparing the three indices, CTL has the largest
R2 for joint faulting and IRI, and RPPI has the largest
R2 for cracked slab.
In summary, similar results were observed for rigid
pavements and ﬂexible pavements. Truck volume alone will
not be a good summary index. Volume and load together
are worth further investigation. ESAL and RPPI belong
to the same category which already takes the damage
potential into consideration and therefore are capable of
distinguishing diﬀerent traﬃc data.
Table 3
Summary indices of load spectra candidates for Louisiana (ﬂexible pavements).
Project Volume Load Damage AC rutting (mm)
CTV (106) Avg. truck
load (ton)
CTL (106 ton) Avg. truck
factor
ESAL-F (106) Avg. truck
impact
RPPI (106)
LA Portable WIM 15.21 13.31 204.36 0.22 3.39 0.17 2.59 4.32
LA Permanent WIM 15.21 18.62 285.87 0.81 12.44 0.69 10.55 9.14
ME Default 15.21 19.71 302.62 1.02 15.69 0.85 13.11 10.16
Ratio (comparing to ME Default)
LA Portable WIM 1.00 0.68 0.68 0.22 0.22 0.20 0.20 0.43
LA Permanent WIM 1.00 0.94 0.94 0.79 0.79 0.81 0.80 0.90
ME Default 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Table 4
Summary indices of load spectra candidates for Louisiana (rigid pavements).
Project Volume Load Damage Cracked slab (%)
CTV (106) Avg. truck
load (ton)
CTL (106 ton) Avg. truck
factor
ESAL-R (106) Avg. truck
impact
RPPI (106)
LA Portable WIM 15.21 13.31 204.36 0.25 3.78 0.17 2.59 6.67
LA Permanent WIM 15.21 18.62 285.87 1.26 19.34 0.69 10.55 16.39
ME Default 15.21 19.71 302.62 1.60 24.57 0.85 13.11 20.05
Ratio (comparing to ME Default)
LA Portable WIM 1.00 0.68 0.68 0.16 0.15 0.20 0.20 0.33
LA Permanent WIM 1.00 0.94 0.94 0.79 0.79 0.81 0.80 0.82
ME Default 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
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The objective of this study is to ﬁnd a method that could
help engineers comprehending the overall traﬃc data and
easily relate it to pavement performance. Keeping this in
mind, three candidates of Louisiana’s default traﬃc data
were selected as a case study to testify the aforementioned
approach.
Louisiana Department of Transportation and Develop-
ment (LADOTD) supported a research project to develop
truck axle load spectra from existing data to support the
implementing of MEPDG [11]. Data collected from porta-
ble WIM sites were used as the data source. For single axle,
the developed load spectra were very similar to the national
default values; however, the load spectra for tandem and
tridem axle were found quite diﬀerent from the defaults.
The project also noticed the limitation of portable WIM
sensors and recommended to develop a strategic plan for
installing permanent WIM sites so that more reliable load
spectra could be developed in future. The load spectra from
that study are thereafter denoted as ‘LA Portable WIM’.
One project (22-0100) in Louisiana was included in the
LTPP Speciﬁc Pavement Studies (SPS) Traﬃc Pooled-
Fund study [13]. The site is located on US 171, 10 miles
north of Lake Charles. The multi-year traﬃc data were
averaged to produce another candidate for Louisiana and
labelled as ‘LA Permanent WIM’ in this research.
The third candidate is the default traﬃc data incorpo-
rated in the Pavement ME software. In this research it is
denoted as ‘ME Default’.Following Eqs. (1)–(11), intermediate indices and cumu-
lative indices discussed in this study were calculated and
presented in Table 3 for ﬂexible pavements and Table 4
for rigid pavements. Note again that only axle load spectra,
vehicle class distribution, and axles per truck were changed;
other variables were held constant. By doing this, the inﬂu-
ence of AADTT and growth rate on pavement perfor-
mance was excluded from this discussion.
If Tables 3 and 4 were provided to a pavement engineer
with two columns (AC rutting and cracked slabs) hidden,
one might ﬁnd the following information with no need to
investigate the raw load spectra or running any Pavement
ME simulation:
 The three traﬃc candidates have the same traﬃc
volume.
 In terms of truck loading, LA Portable WIM presents
the lightest load and ME Default tends to be the
heaviest. On average, LA Portable WIM is 68% heavy
as compared to the ME Default truck load while LA
Permanent WIM is very close (94%) to the ME
Default.
 If the possible damage potential is considered, ME
Default traﬃc could cause 5 or 6 times more damage
than the LA Portable WIM traﬃc does. Similarly, dam-
age under LA Permanent WIM traﬃc is about 80% that
of the ME Default.
 The concept of relative impact (RPPI) gives similar and
slightly lower number than the concept of load equiva-
lency (ESAL).
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for rigid pavements. In other words, CTV and CTL are
independent of pavement types. On the contrary, ﬂexible
pavements and rigid pavements have diﬀerent ESAL
because by deﬁnition load equivalency factors are
dependent on pavement structure. Tables 3 and 4 show
that RPPI is the same for ﬂexible and rigid pavements
although by deﬁnition it would be diﬀerent. This is
because only one set of relative impact factors was
developed in the LTPP traﬃc study [6].
 Given all these information, engineers would expect the
most distress predicted from the ME Default load spec-
tra and the least distress from the LA Portable WIM
traﬃc input. Quantitatively, if summary indices were lin-
ear to performance, ME Default would cause 5 or 6
times more distress than LA Portable WIM, and the
LA Permanent WIM would most likely be very close
to the ME Default.
As shown in Tables 3 and 4, the predicted distress from
Pavement ME for the three traﬃc candidates does follow
the expected trend. Quantitatively, the ratio of predicted
distress is between the ratio determined from load (CTL)
and from damage (ESAL and RPPI). For instance, Table 3
shows that the predicted AC rutting for LA permanent
WIM and ME default is 0.90/1.00, which is between the
ratio of CTL (0.94/1.00), ESAL (0.79/1.00), and RPPI
(0.80/1.00).
It is worth pointing out that the new index CTL per-
formed quite well for the purpose of relating traﬃc loading
to performance (Fig. 3 and 4b), considering the fact that,
by deﬁnition, CTL is irrelevant to any pavement design
method, neither the AASHTO 1993 Design nor the
MEPDG. Therefore, CTL is in a neutral position in the
debate of whether fatigue-based LEFs is better than
deformation-based LEFs [8], or whether the fourth power
law is biased to rigid pavements.
Overall, Tables 3 and 4 provide a meaningful and conve-
nient snapshot for engineers to sense the massive load spec-
tra and relate traﬃc data to possible pavement
performance. In light of the complexity of a traﬃc stream,
no single index alone could be the perfect representative.
Instead, systematic indices covering the three aspects of
traﬃc – volume, load, and damage – seems to be a viable
solution.7. Conclusions
This study was aimed to develop a convenient, meaning-
ful and innovative approach to relate cumulative traﬃc
loading to pavement performance in the era of mechanistic
empirical pavement design. Four summary indices repre-
senting the three aspects of traﬃc – volume, load, and dam-
age – were carefully investigated. A total of 266 cases with
diﬀerent axle load spectra, vehicle class distribution, as well
as truck conﬁguration were analysed. Based on data anal-ysis and discussion, the following conclusions were
reached.
 Although load spectra provide MEPDG the advanced
capability to simulate any axle type and load, there is
a practical need to develop summary indices and
approaches for engineers to easily comprehend the mas-
sive traﬃc data and relate cumulative traﬃc loading to
pavement performance.
 Traﬃc can be characterized from three perspectives,
namely, volume, load, and damage. Summary index
regarding volume is cumulative truck volume. In terms
of load, average truck load and cumulative truck load
are good summary indices. Indices that take the damage
potential into consideration are truck factor, equivalent
single axle load, truck impact, and relative pavement
performance damage.
 Cumulative truck volume alone is not suﬃcient to cap-
ture the traﬃc information. A new index, called cumula-
tive truck load, could distinguish traﬃc fairly well. The
advantage of CTV and CTL is that they are not related
to any load equivalency factor or damage potential fac-
tor, and thus overcome the limitation of empirical LEF
and the debate on the fourth power law.
 Overall results suggested that traﬃc summary indices
had a clear relationship with pavement performance.
None of them alone could perfectly represent a traﬃc
stream, but together in a systematic way, they could
be used to assist engineers in comparing diﬀerent load
spectra and relating cumulative traﬃc loading to pave-
ment performance. This would also provide valuable
summary information for other divisions such as plan-
ning, design, maintenance, and legislature.
8. Recommendations
Summary indices of traﬃc volume and truck load con-
tain valuable information about a traﬃc stream and, to
some extent, its damage potential. Because they are irrele-
vant to any load equivalency factor or design method, this
study strongly recommend them being calculated and
reported as an output by Pavement ME and other traﬃc
analysis software such as TrafLoad, PrepME, and LTPP-
PLUG.
Regarding the practical challenge of traﬃc comparison,
this study only presents a framework. Future research is
needed to further validate the indices and approach dis-
cussed in this paper for all kinds of complicated scenarios
that engineers may encounter.
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